Exposures to fibers and particles can be associated with several different lung injuries including bronchitis, bronchiolitis, pneumonitis, pleuritis, pulmonary alveolar proteinosis, pneumoconiosis, mesotheliomas, and lung cancers. The mechanism of biological effect exerted by fibers and particles has not been exactly defined. Exposures to all fibers and particles introduce a solid-liquid interface into the lower respiratory tract. These surfaces all have some concentration of oxygen-containing functional groups that demonstrate a capacity to coordinate iron. Radical generation is catalyzed by this metal resulting in a cascade of cell signaling, transcription factor activation, and mediator release. We propose that the ferruginous body (i.e., a fiber or particle with a coating of both protein and iron) provides direct evidence of a participation of iron in the biological effect of both fibers and particles. It is recommended that an identification of ferruginous bodies in the lung be regarded as support for a metal-catalyzed oxidative stress in the mechanism of cell and tissue injury.
INTRODUCTION
Exposures to fibers and particles can be associated with several different lung injuries including bronchitis, bronchiolitis, pneumonitis, pleuritis, pulmonary alveolar proteinosis, pneumoconiosis, mesotheliomas, and lung cancers. The mechanism of biological effect exerted by fibers and particles has not been exactly defined. All fibers and particles have a capacity to present an oxidative stress to the lung. Free radical production by fibers and particles can be observed after (1) heating to high temperatures, (2) grinding, (3) dehydration, and (4) coordination of transition metals with 2 stable valence states at the solid-liquid interface. Only the last of these can result in oxidant generation within a biological system and coordination of transitional metals (specifically iron as a result of its abundance) by fibers and particles has been advanced as both a pathway of radical generation and an initial event in their biological effect (Lund and Aust, 1991; Ghio et al., 1992; Dai and Churg, 2001; Dai et al., 2002) . Radical generation is catalyzed by this metal associated with fibers and particles results in a cascade of cell signaling, transcription factor activation, and mediator release (Figure 1) (Churg and Wright, 2002; Ramos-Nino et al., 2002; Cummins et al., 2003; Brown et al., 2004) . Clinical manifestations of this will present as inflammatory, fibrotic and neoplastic disease.
A ferruginous body is a fiber or particle coated with both protein and iron. We propose that the ferruginous body provides direct evidence of a participation of iron in the biological effect of both fibers and particles. It is recommended that an identification of ferruginous bodies in the lung be regarded as support for a metal-catalyzed oxidative stress in the mechanism of cell and tissue injury.
METAL COMPLEXATION BY FIBERS AND PARTICLES
Among the characteristics shared by all exposures to fibers and particles in the lung is the introduction of a solid-liquid interface into the lower respiratory tract. In an aqueous environment (such as lung tissue), oxides and oxide minerals will be covered with surface hydroxyl groups (e.g., Al OH and Ti OH groups at the surface of Al 2 O 3 and TiO 2 , respectively) (Schindler and Stumm, 1987) . Consequently, these surfaces all have some concentration of oxygen-containing functional groups. Similarly, an incomplete oxidation of carbonaceous materials will produce oxygen-containing functional groups (CO, CHO, and COOH) and these are in greatest concentration at the surface (e.g., humic-like substances TOXICOLOGIC PATHOLOGY in coal, cigarette smoke, and air pollution particles); Ghio et al., , 1996 .
Silicon is of significant interest as silicon dioxide (SiO 2 , silica) constitutes approximately 60% (by weight) of the Earth's crust. All silica/silicate surfaces consequently have some concentration of silanol groups (Si OH). Si 4+ has a high electron affinity and the Si O bond has a significant ionic character. As a result, the silanol group has an acidic pK a favoring dissociation at physiologic pH (Iler, 1979) . Dissociation of silanols contributes to a net negative charge on the surface that generates a capacity for adsorption and exchange of cations (Grim, 1968) . The open network of negatively charged silanol groups on a silica/silicate surface presents spaces large enough to accommodate adsorbed metal cations. All surfaces comprised of oxygen-containing functional groups will have this same potential to introduce an electronegative interface and the concept of metal coordination applies to these fibers and particles also. However, few will exhibit the equivalent negative charge and capacity to coordinate metal cations as SiO 2 .
Iron is the second most abundant metal in the Earth's crust and is an essential element for all forms of life. As a result of its electropositivity, Fe 3+ has a high affinity for oxygen-donor ligands (Kragten, 1978; Crumbliss and Garrison, 1988) . Consequently, this metal will react with the oxygen-containing functional groups at the surfaces of oxides, mineral oxides, and incompletely oxidized carbonaceous products. Fe 3+ complexes with both monomeric silicic acid and its polymers through interactions with the silanol groups (Olson and O'Melia, 1973; Hazel et al., 1949) . The critical stability constant of the coordination complex formed between silicic acid and iron cations is greater than those of any other metal cation (Smith and Martell, 1976) . Ferric ions also react with surface silanol groups of silica/silicates to make a silicato-iron coordination complex (Dugger et al., 1964) :
Dose-dependent adsorption of inorganic iron has been demonstrated for crystalline silicates with critical stability constants up to 1 × 10 17.15 (pK sc = 17.15; Fordham, 1969; Herrara and Peech, 1970; Schindler and Stumm, 1987; Rees, 1982) .
After in vivo endocytosis of either a fiber or a particle, cells accumulate iron supporting a capacity of the surface to complex iron not only from an inorganic environment such as the crust of the Earth but also from biological sources (Koerten et al., 1986) . This capacity can be quantified by measuring surface concentrations of the metal . There are several possible intracellular sources for the Fe 3+ that accumulates onto the fiber and particle surface. These can include iron associated with ATP, ADP, GTP, citrate, DNA, and free amino acids (Breuer et al., 1995) . Complexation of extracellular sources of iron (e.g., transferrin, lactoferrin, and ferritin) by a fiber and particle has not been demonstrated and is unlikely as a result of the extremely strong binding of iron with these proteins. Therefore, in vivo formation of a ferruginous body is predicted to occur only in intracellular locations.
OXIDANT GENERATION BY METALS AT THE
SOLID-LIQUID INTERFACE Complexed iron has a capacity to mediate electron exchange via the Fenton reaction after its reduction from the Fe 3+ to the Fe 2+ state (Liochev, 1999) :
This metal can also participate in the production of both superoxide and hydrogen peroxide:
Requirements of metal-catalyzed radical production include iron with at least 1 coordination site available. Following the complexation of metal, a lack of pliancy by an inflexible surface predicts that placement of electrons into the symmetrically located coordination sites of iron would be incomplete. This allows a participation of the complexed metal in electron transport and formation of oxidants at the fiber and particle surface. Metal not complexed to the fiber and FIGURE 2.-Ferruginous bodies include those formed after exposure to asbestos (upper left; magnification of approximately ×1,000), carbonaceous particles considered air pollution particles in a lifetime nonsmoker (upper left; magnification of approximately ×400), wood fragments during a fire (lower left; magnification of approximately ×400), and carbonaceous fibers (lower right; magnification of ×400). All specimens were acquired at autopsy. particle surface (e.g., soluble metal) is more easily handled by cells and tissues using both extracellular proteins (e.g., transferrin and lactoferrin) and/or intracellular transport to ferritin. Involvement of structural iron within a fiber and particle is unlikely because lattice dimensions preclude the entry of oxygen and/or its metabolites and reductants that are also required for radical generation to proceed.
The capacity of fibers and particles to generate oxidants has been established (Oberdorster, 2002; Churg, 2003) . Treatment with iron chelators decreases this activity, suggesting metal catalysis (Ghio et al., 1992) . In addition, fibers and particles can produce free radicals and tissue injury after exposure can be associated with such oxidant exposure (Mossman et al., 1990 ). An association between surface functional groups, metal complexation, oxidant generation, and biological effects in the lung could explain a differential in the toxicity of ultrafines, fine, and coarse particles. The greater surface area of ultrafine particles predict increased metal complexation, oxidative stress, and biological effect. Other factors (e.g., fiber length, particle diameter, and cytotoxicity of crystalline and amorphous particles) may affect an injury by increasing or decreasing affecting clearance of the fiber and particle from the respiratory tract. Interaction between oxidant generation by a fiber and particle and these other factors are possible.
FORMATION OF FERRUGINOUS BODIES
The host would respond to a metal-catalyzed oxidative stress with recruitment of anti-oxidant mechanisms including attempts to sequester the metal to make it less available to the fiber and particle surface. The series of reactions that ensues attempts to reestablish normal metal metabolism in the host (Turi et al., 2004) and results in the production of a ferruginous body. A ferruginous body consists of the original fiber or particle with a coating of inexact composition.
Iron and protein are among components in the coat. As a result of the metal accumulation, ferruginous bodies are usually golden-brown in color ( Figure 2) . The distribution of iron and protein along the fiber and particle is not always homogeneous and the ferruginous body, particularly the asbestos body, can appear beaded, segmented, lancet-shaped, comma-shaped, or resemble a dumbbell. These can be observed following the introduction of a very large number of diverse fibers and particles into the lung (Roggli and Pratt, 1983; Ghio et al., 2000) .
The source of the metal that accumulates during the formation of a ferruginous body is not from either the fiber or the particle since a body will develop after exposures to dusts with no iron within the lattice (Botham and Holt, 1971) . Rather, coordination of host iron is more likely to account for these concentrations. Increases in concentrations of host iron could possibly promote its mobilization, elevated ferritin expression, and result in higher rates of asbestos body formation. In support of this interaction, cigarette smoking, iron welding, and the mining of iron ore can both be associated with both elevations in metal concentrations and coated fibers in the lung (Churg and Warnock, 1977; McGowan and Hanley, 1988) .
After introduction into the lower respiratory tract, fibers and particles are phagocytosed by macrophages. Reductants available in the lung (e.g., ascorbate) will reduce complexed Fe 3+ to Fe 2+ and displace it from the surface of the fiber and particle. Through an interaction with an iron-responsive element, this metal affects elevations in apoferritin. Iron can then be stored in this protein after oxidation of the metal cation to Fe 3+ (Leibold and Munro, 1988) . This series of reactions is likely to occur in close proximity to the surface of the fiber. The in vivo accumulation of metal is characteristic of these coated fibers and ferritin is included in these structures (Figure 3 ; Suzuki and Churg, 1970) . While TOXICOLOGIC PATHOLOGY FIGURE 3.-Stain for ferritin in lung tissue. Ferritin stains positively in the alveolar macrophages, interstitium, and along the fiber in the lung of an animal exposed to crocidolite asbestos (upper left; magnification of approximately ×1,000). The alveolar macrophages similarly take up the antibody to ferritin after exposure of animals to oxalate (upper right; magnification of approximately ×400). The stain for the storage protein is focused to cells and tissue immediately adjacent to both diesel (lower left; magnification of approximately ×400) and coal (lower right; magnification of approximately ×400) in an animal and human specimen respectively. The human specimen was acquired at autopsy. Animal specimens were acquired 6 months after a single instillation of 1,000 ug crocidolite in guinea pigs, repeated instillations of 1,000 ug oxalate in rats, and repeated intillations of 1,000 ug coal dust in rats. iron with either a free or labile coordination site has a capacity to mediate electron exchange, ferritin is considered a safe storage of iron since metal sequestered in this protein does not normally participate in electron transport and oxidant generation (Olakanmi et al., 1993) . However, an equilibrium will always exist between metal sequestered within ferritin and concentrations outside the storage protein. Therefore, while a ferruginous body supports a host response to diminish radical generation by a fiber and particle, it also reflects an elevated concentration of metal in the lower respiratory tract and, likely, some associated oxidative stress. Indeed, oxidant-mediated injury results in a conversion of ferritin to hemosiderin. While ferritin, usually does not stain for iron, hemosiderin and ferruginous bodies do (Figure 4) . Therefore, positive iron staining by ferruginous bodies supports both an availability of iron in the lower respiratory tract and an increased oxidative stress (Suzuki and Churg, 1969) .
Ferruginous body formation has been considered to be a protective mechanism of the host to diminish the toxicity of the fiber Morgan and Holmes, 1985) . There is a diminished in vitro cytotoxicity and in vivo injury by ferruginous bodies relative to uncoated fibers. Incubation of asbestos bodies with macrophages for 24 to 72 hours was associated with diminished cell damage, measured as trypan blue dye exclusion, relative to the uncoated fiber . Such injury to macrophages after incubation with silicates can frequently be associated with oxidant generation by the fiber (Goodlick and Kane, 1986) . In vivo injury after exposures to fibers and particles has also been associated with free radical generation (Schapira et al., 1994) . The diminished oxidant generation by coated fibers is likely to be associated with decreased in vivo damage (Ghio et al., 1997) . Intratracheal instillation of asbestos bodies does not affect a fibrotic injury supporting a diminished biological effect by the coated fiber (Vorwald et al., 1951) .
The coating of a ferruginous body with protein and iron is almost never uniform. One proposed explanation for the common inhomogeneity in the appearance of a ferruginous body involves an initial continuous coating of the entire fiber and particle with disruption of portions of the coat by the stress of the respiratory cycle . The in vitro generation of these bodies suggests that such mechanical disruption of a continuous coat is not critical in the formation of asbestos bodies (Koerten et al., 1990 ). An alternative explanation of the heterogeneous appearance of a ferruginous body is a preferential deposition of the coat at specific sites along either the fiber or the particle ( Figure 5 ). Any crystalline structure that is strained beyond its elastic limit will break. In a fiber and particle, polymeric units (e.g., silicon dioxide) can alternate with the hydroxides/oxides of larger cations (e.g., SiO and MgO alternating in chrysotile). The cleavage, parting, and fracture of these minerals will result in fibers and particles with an infinite variance in the placement of functional groups at the FIGURE 4.-Perls' iron stain in lung tissue. Comparable to ferritin, iron is focally distributed to the fiber surface (upper left; magnification of approximately ×1,000) suggesting some portion of the protein involved in a ferruginous body is present as hemosiderin. In a similar manner, cells and tissues adjacent to a coal (upper right; magnification of approximately ×400), diesel (lower left; magnification of approximately ×400), and oxalate (lower right; magnification of approximately ×400) demonstrate an accumulation of the metal following exposure of animals. The human specimen was acquired at autopsy. Animal specimens followed repeated instillations of 1,000 ug coal dust, diesel exhaust particles, and oxalate in rats.
surface (e.g., Si OH alternating with Mg OH in chrysotile). Values of the isoelectric points of all functional groups are higher than that of the silanol group and therefore these functional groups will be protonated at physiologic values of pH while the latter would be deprotonated providing relatively greater electronegative charge (Schindler and Stumm, 1987) . Therefore, iron, ferritin, and hemosiderin will accumulate at those regions of surface populated by silanol groups. Quarternary ammonium groups of ferritin and hemosiderin will be adsorbed onto those portions of the fiber and particle sur- face that are negatively charged. Accordingly, adsorption of positively charged metals and proteins will be clustered at those segments of the surface with greater silanol concentrations along a silicate fiber or particle. The beaded appearance of some ferruginous bodies are likely the result of heterogeneous placement of functional groups on the surface of either a fiber or particle with the consequent inhomogeneous adsorption of both metal and protein by these groups. This can also account for the symmetry of asbestos bodies that is sometimes striking. IMPLICATIONS Free radical generation by the fiber and particle is mediated in some part by coordinated metal. Ferruginous bodies represent an attempt by the host to sequester the metal adsorbed to the surface of a fiber and diminish the oxidative challenge presented by a fiber or particle. While much of the iron coordinated onto the surface will be stored in a catalytically less reactive state within ferritin included in the ferruginous body, some portion of this metal will ultimately be catalytically active and therefore capable of supporting the generation of an oxidative stress. Consequently, the observation of ferruginous bodies on microscopic inspection of lung tissue should be interpreted as supporting a specific mechanism of injury (i.e., a metal-catalyzed oxidative stress). This would apply not only to tissue injury after exposure to fibers and particles but also is pertinent to damage associated with surfaces of many appliances placed in the body if that surface presents oxygen-containing functional groups (Jordan et al., 2002) .
